contribute to this extended conformation. These differences between MLV Gag and HIV-37
Immature retrovirus particles are assembled from the multi-domain Gag protein. In these 22 particles, the Gag proteins are arranged radially as elongated rods. We have previously 23 characterized the properties of HIV-1 Gag in solution. In the absence of nucleic acid,
24
HIV-1 Gag displays moderately weak inter-protein interactions, existing in monomer-25 dimer equilibrium. Neutron scattering and hydrodynamic studies suggest that the protein 26 is compact, and biochemical studies indicate that the two ends can approach close in 3 27 dimensional space, implying the need for a significant conformational change during 28 assembly. We now describe the properties of the Gag protein of Moloney murine 29 leukemia virus (MLV), a gammaretrovirus. We find that this protein is very different 30 from HIV-1 Gag: it has much weaker protein-protein interaction and is predominantly 31 monomeric in solution. This has allowed us to study the protein by small angle x-ray 32 scattering and build a low-resolution molecular envelope for the protein. We find that
33
MLV Gag is extended in solution, with an axial ratio of ~ 7, comparable to its dimensions 34 in immature particles. Mutational analysis suggests that runs of prolines in its MA and 35 p12 domains, and the highly charged stretch at the C-terminus of its CA domain, all 36 contribute to this extended conformation. These differences between MLV Gag and HIV-37 1 Gag and their implications for retroviral assembly are discussed. 
35). In contrast to studies on isolated domains, detailed structural information on intact

76
Gag polyproteins has not been forthcoming, presumably due to their larger size and 77 conformational heterogeneity.
78
We have previously analyzed the properties of purified, recombinant 79 unmyristoylated HIV-1 Gag protein. The free protein is soluble, but assembles 80 spontaneously into VLPs upon addition of nucleic acid (3, 4) . In the absence of nucleic 81 acid, the protein is in monomer-dimer equilibrium in solution; the dimerization interface 82 was localized to the C-terminal portion ("CTD") of the CA domain (12). This interface in 83 mature CA protein was previously shown to participate in the assembly of the conical 84 core structure within mature HIV-1 particles (30, 54, 55) 18PA has 18 of its proline codons (at positions 92-94, 105-107, 109, 110, 124, 125, 161-114 163, 169-171, 203, and 204) 13, was used for SLS, while detector 13 was modified for QELS measurements.
163
The column was calibrated with standards (GE Healthcare) including RNase A the scattered x-ray photons were recorded with a charge-coupled device X-ray detector.
177
A cylindrical quartz capillary x-ray flow cell with a diameter of 1.5 mm and a wall of 10 solid angle correction, were normalized with the intensity of the incident x-ray beam.
186
The resulting 1-D scattering data sets were averaged before buffer background 187 subtraction. The background subtractions were performed as follows. First, the WAXS 188 profile was obtained by using eq. 1:
190
The value of α, an adjustable parameter, was tuned to eliminate the scattering from 
10
The radius of gyration (R g ) was calculated from data at low q values in the range 201 of qR g < 1.2, using the Guinier approximation (eq. 2),
The scattering intensities at and near q = 0 were extrapolated with the Guinier equation.
204
The Kratky plots, q 2 xI(q) vs q, Fig 4A, 
241
The averaged molecular envelopes/bead models were further smoothed using the 
RESULTS
247
In Vitro assembly of MLV Gag
248
The proteins used in our studies, including MLV Gag, WM HIV-1 Gag (a concentration is increased from 0.5 µM to 60 µM (Fig. 2B) and an f/f 0 1.64, indicating that these portions of MLV Gag also are extended and/or 282 asymmetric.
283
As a more rigorous test for weak self-association, SE analysis of MLV Gag in 284 solution was performed, and the data fitted to different models using SEDPHAT (46).
285
MLV Gag at concentrations of 2, 6 and 20 μM was centrifuged to equilibrium at 8,000, associate, but far more weakly than HIV-1 Gag.
309
Conformation of MLV Gag in Solution
310
We characterized MLV Gag (~60 kDa) by size exclusion chromatography (SEC).
311
It elutes (red profile) from Superose 12 more rapidly than WM HIV-1 Gag (~ 50 kDa, while that for WM HIV-1 Gag was 38 Å (Table 1) .
329
As a completely independent approach to determining the conformation of these Methods. The shape of the Kratky plot is an indicator of the "unfolded-ness" of a protein.
333
In the case of multidomain proteins, the plot is also indicative of how domains are 334 extended or packed and has been used as an indicator of global protein conformation.
335
Specifically, folded proteins have a characteristic peak at low q, followed by a drop in the previously determined by small angle neutron scattering as ~34 Å (9, 10).
352
Bead models of the proteins, derived from the SAXS data using DAMMIF (as its elution from an SEC column is clearly delayed (Fig. 6B) , indicating a decrease in R h 372 from 54.6 to 52.1 Å (Fig. 6B , Table 1 ). These data suggest that the runs of prolines in the 373 C-terminal half of MA and the N-terminal half of p12 are at least in part responsible for 374 the rigidity of the MLV Gag protein.
375
Another striking feature of the MLV Gag sequence is an extraordinary run of 376 charged residues near the C-terminus of the CA domain, termed the "electric wire" or 377 "charged assembly helix motif" (6). Cheslock et al. (6) presented genetic evidence 378 suggesting that this region forms an α-helix during assembly. They also showed that 379 deletion of 22 residues (outlined in Fig. 6A ) is compatible with proper assembly, and 380 indeed with infectivity, of the virus. We determined the R h of MLV proteins lacking these (Fig. 6B) . We also tested the effect of the EW22D 383 deletion in the context of dp12 and CANC proteins (QELS data not shown). As indicated 384
in Table 1 , both of these changes significantly decrease the R h of these smaller proteins,
385
as well as that of full-length Gag. Therefore, the charged stretch in the C-terminal domain
386
of CA also contributes to the extended structure of MLV Gag.
387
In light of the large differences in molecular dimensions between MLV Gag and 388 HIV-1 Gag (Fig. 3 acid (3, 10).
408
We now describe the properties of the unmyristoylated MLV Gag protein.
409
Remarkably, it is different from HIV-1 Gag protein in each of these respects. Thus, its 410 tendency to oligomerize in solution is barely detectable: we estimate that the affinity of 411 monomers for each other is at least 40-fold weaker than in the case of HIV-1 (Fig. 2) .
412
Further, it exhibits a rod-like conformation in solution, apparently similar to that of the
413
Gag monomers in immature VLPs; this conformation was evident from SV data ( Fig.   414 2A); SEC (Fig. 3) ; and SAXS (Fig. 4) . This extended conformation presumably enables it 415 to assemble into full-size VLPs upon addition of nucleic acid alone ( Fig. 1C and 1D) , and 416 without a major change in its overall dimensions.
417
MLV and HIV-1 Gag are similar to each other with respect to the secondary and 418 tertiary structures of the MA, NTD, and CTD regions (18, 20, 22, 32, 35, 45) 
